The development of mass spectrometric techniques for 'determination of 230Th abundance has made it possible to reduce analytical errors in 238U-234U1230Th dating of corals even with very small samples. Samples of 6 x 108 atoms of 230Th can be measured to an accuracy of ?3 percent (2u) and 3 x 1010 atoms of 230Th can be measured to an accuracy of ?0.2 percent. The time range over which usefuil age data on corals can be obtained now ranges from about 50 to about 500,000 years. For young corals, this approach may be preferable to 14C dating. The precision with which the age of a coral can now be determined should make it possible to critically test the Milankovitch hypothesis concerning Pleistocene climate fluctuations. Analyses of a number of corals that grew during the last interglacial period yield ages of 122,000 to 130,000 years. The ages coincide with, or slightly postdate, the summer solar insolation high at 65?N latitude which occurred 128,000 years ago. This supports the idea that changes in Pleistocene climate can be the result of variations in the distribution of solar insolation caused by changes in the geometry of the earth's orbit and rotation axis. 
mass of water stored as ice in continental glaciers, which in turn cause changes in sea level. Because some species of coral grow very close to the sea surface, they can be used as indicators of the height of sea level in the past. The 238u-234u-230Th-232Th system has been used to delineate the absolute chronology of events in the last 150 ky (1 ky = 103 years) and has been applied to fossil corals to establish an absolute chronology for sea level changes (1-3). This approach has been particularly important in testing the astronomical theory of climate change which was formulated by Milankovitch (4). This theory states that the fluctuations in Pleistocene climate are caused by changes in the distribution of solar energy received by the earth due to changes in (i) the obliquity of the ecliptic, (ii) the eccentricity of the earth's orbit, and (iii) precession of the earth's rotation axis. On the basis of calculations from the orbital parameters, the summer solar insolation received at 65?N latitude was shown to be a function of time (4) and was viewed as a forcing fimction controlling the earth's climate. High values of summer insolation would favor deglaciation, low values would favor glaciation. The response of sea level height to orbital forcing can be modeled from the dynamics of the ocean, glacial growth and melting, and isostatic rebound. This is a particularly active area of research (5, 6).
The test of sea level height with time would depend on the accuracy of the orbital parameters and the accuracy of the sea level curve derived from the geologic record. If the insolation curve and the sea level curve were found to be identical, this would demonstrate that (i) the earth's climate responds to orbital forcing; (ii) the response shows no measurable phase lag; and (iii) of the possible curves that could be calculated from the orbital parameters, the summer solar insolation received at 65?N is the one that controls climate. Differences between the insolation curve and the sea level curve would indicate that at least one of these statements is not true.
Two approaches have been used to determine the height of sea level in the past. The ratio of 180 to 160 in seawater is a function of the fraction of water stored as ice in glaciers. Detailed measurements of 180/160 as a function of depth in deep sea cores have provided a continuous record of climatic change over the past 106 years (7, 8) . Spectral analysis of this record has provided convincing evidence that at least some of the variability in Pleistocene climate is the result of orbital forcing. However, the approach has been limited by the inability to independently assign an absolute chronology to this record.
A second approach is the dating of coral terraces. This does not provide a continuous record of sea level change but has the advantage that corals of appropriate age can be dated by 230Th methods. An apparent correlation has been drawn between the ages of a number of coral terraces thought to have grown during periods of high sea level (interglacial and interstadial periods) and the times of high insolation (1-3). However, this approach has been limited by the analytical uncertainty of data obtainable with present methods, some discrepancies in results, and possible open-system behavior of corals with respect to uranium and thorium. If 8234U(T) is known, the equations represent two independent chronometers. We have chosen to use Eq. 2 not as a chronometer but as a means of calculating 8234U(T) with the value of T determined from Eq. 1. If we assume that the uranium isotopic composition of seawater is constant with time, a difference between the calculated 8234U(T) and the present seawater value (11) would indicate that the uranium in the coral was not derived via closedsystem evolution from normal seawater. The calculated 8234U(T) therefore provides an independent check of whether the coral has behaved as a closed system. 232Th is not a nuclide injthe decay chain shown above and does not appear in Eqs. 1 or 2. It has an extremely long mean life [2.0212 x 10l? years (13)] and can be considered stable over the time range considered here. Comparison of the 232Th/238U ratio in an old coral with the 232Th/238U ratio in modern corals would indicate whether substantial differential addition or leaching of 238U or 232Th had occurred subsequent to coral growth. Since the chemical properties of 230Th and 232Th are the same, knowledge of the 232Th/238U ratio provides another check of the closed-system assumption used in deriving Eq. 1.
Analytical procedures and samples. Detailed analytical procedures for measurement of the Th and U isotopes have been described (11, 14) . In Table 1 , we have listed, for each analysis, the amount of coral analyzed, the number of 230'Th atoms measured, and the precision of the 230Th analysis at the 2o level (2 standard deviations). This table shows that 3 x 1010 atoms of 230Th can be measured to ?2 0/00 (2() and that 6 x 108 atoms of 230Th can be measured to ?29 0/OO (2or). The measurements have been verified with replicate analyses on standards and samples ( Table 2 ). The accuracy of U and Th abundances are ultimately based on standard solutions with concentrations which are accurately known from gravimetry (9, 14) .
Details about samples can be found in (14) . Samples TAN-E-1g, CWS-F-1, and CH-8 have previously been dated by the 14C method. Sample TAN-E-1g has also been dated by counting of coral growth bands. These samples were analyzed to determine the precision with which very young samples could be dated and to provide a comparison of the ages determined by mass spectrometry and those determined with the other methods. Sample CH-8 was collected along the shore of Lago Enriquillo, a lake in Hispaniola which was thought to be connected to the ocean at the time CH-8 grew ( VA-1 is from one of the higher terraces in Barbados and has been dated by U-He methods as 520 ky old (16). This sample was analyzed to determine the isotopic characteristics of a very old sample. All the Barbados samples are of the species Acropora palmata, which is known to thrive near the crests of coral reefs and tends to live within about 2 m of the sea surface at low tide.
In addition to the coral samples (Table 1) The period of time that is pertinent to our test of the astronomical theory is about 130 ky ago. The error in age of a coral which is 130 ky old is about + 1 ky (Table 2 and Fig. 1 ). Since the difference between a high point and a low point on the 65?N insolation curve is about 10 ky, the error in age is small enough to allow a detailed comparison of the times of high sea level and the times of high summer insolation.
Except for CH-8-and VA-1, the 8234U(T) values range from 149 to 174. This spread overlaps the range for open ocean water [140 to 150 (11)] but is somewhat higher. This may reflect the uranium isotopic composition of nearshore waters or possibly a small degree of alteration. Considering errors, however, the 8234U(T) values are consistent with closed-system evolution from seawater and do not show clear evidence for any substantial diagenetic alteration. VA-1 has a 23fhI238U ratio higher than the maximum possible value for closed-system evolution from seawater, confirming previous observations (16), and does not permit an age to be calculated. If the UHe age [520 ky (16) ] is used to calculate 8234U(T), a value of 530 t 26 is determined. This is much higher than the seawater value and is clear evidence for diagenetic addition of 234U. For CH-8, the value of 8234U(T) is 84, which is much lower than the seawater value. Although the possibility that this sample has been altered cannot be ruled out, it appears that this coral grew in a body of water that was restricted from the open ocean and that the low 8234U(T) value reflects the isotopic composition of this body of water (14, 15).
The 232Th values for corals ( Table 1) . Although dating of such a sample is now technically feasible, it is clear from previous work (20, 21) that uranium in fossil mollusks is dominantly of diagenetic origin and that the process of uranium uptake must be understood before any serious attempt to date fossil mollusks can be made.
The ages calculated from replicate analyses of AFS-12, E-T-2, FT-50, and OC-51 agree within the 2r error of the measurements. For these samples, replicate analyses were done on different fragments of the same hand specimen. The agreement between the replicate analyses is not only a demonstration of analytical reproducibility, but also shows that different fragments of the same hand specimen could not have been altered to varying degrees. The results are consistent with the closed-system assumption. The 23GTh age of AFS-11 agrees almost exactly with the ages determined from the three analyses of AFS-12. The age of AFS-10 appears to be slightly greater (1 to 2 ky) than that of AFS-ll. Since these samples are from the same outcrop, they should have similar ages as is the case.
Age comparisons. The analyzed corals have previously been dated by other methods (Table 3 ). The younger samples have been dated by 14C and reported in conventional radiocarbon years (15, 22) and as "corrected ages." For TAN-E-lg and CWS-F-1, the corrected ages were determined from the conventional ages with the use of the calibration curve of Stuiver (23). For CH-8, the corrected age has been given as an approximation since the precise value of the ratio of 14C to C in the atmosphere at this time does not appear to be known. The corrected 14C ages do not include adjustments for the natural fractionation of carbon isotopes or for the difference between 14C/C in the atmosphere and surface waters. For TAN-E-1g, the corrected age is given by three time intervals since the conventional radiocarbon age intersects the calibration curve three times. TAN-E-1g was collected alive and it was determined from the counting of coral growth bands that the portion of the coral which we analyzed grew between 1804 and 1810 ( centuries. For CWS-F-1, the date determined by mass spectrometry agrees with the corrected 14C date within errors. In this case, the conventional radiocarbon age intersects the calibration curve over only one range. For CH-8, there is a substantial difference between the mass spectrometric age and the corrected 14C age. The reality of this discrepancy requires a more serious comparison of both methods, particularly for samples older than 8000 years, where the availability of samples dated by dendrochronology is limited. For AFS-10, AFS-11, AFS-12, AFM-20, R-52, FT-50, OC-51, E-L-3, and E-T-2, the agreement between the mass spectrometrically determined ages and the earlier ages determined by ot counting generally appears to be good at the 2r level. The error in age, based on analytical errors, for the mass spectrometric measurements is five to ten times smaller than the error in age for the ox-counting measurements.
Rate of sea level rise between 129 and 122 ky. The response of a coral reef relative sea level rise was first discussed by Darwin (24) . He observed that reef-building corals thrive at water depths of less than 30 m and reasoned that if sea level were to rise, the reef must grow upward to remain near the sea surface or die. When sea level stops rising, the upward growth of the coral reef would stop. As sea level falls, the crest of the coral reef would remain as a subaerially exposed coral terrace. The age of the coral at the highest point of the terrace would represent the time at which sea level reached its highest elevation.
The situation at Barbados is more complicated. The Rendezvous Hill Terrace has present elevations of 27 to 61 m above sea level (16) ( Table 4) . Terraces of similar age (about 120 ky) in areas which may have been tectonically stable over the last 120 ky have elevations about 6 m above sea level (25) . The difference in elevation between the Rendezvous Hill Terrace and the terraces from these areas is inferred to be due to tectonic uplift on Barbados that has occurred over the past 120 ky (2) ( Table 4 ). The Barbados terraces must be in (27, 28) .
It is necessary to distinguish between changes in the absolute height of sea level and tectonic displacements. Consider the following simple model. We assume that the sea level curve has negative curvature over a pertinent time range and that the rate of tectonic uplift at a given locality is constant (Fig. 2) . The curve labeled "sea level" represents the change in sea level with time. The lines represent tectonic uplift for a specific elevation at localities with different uplift rates. The specific elevation is the one that intersects the sea level curve at the tangent point. This is the highest elevation that is covered by seawater and, consequently, is the highest elevation where a coral reef could have grown. The age of this coral records the time at which sea level was rising at the same rate as the land mass. For a "stable" land mass, this age (T3) represents the time when sea level reached its maximum height. For a rising land mass, this age (T1 or T2) is older than the sea level maximum. The model To use this approach, we must know the uplift rate at each locality. Exact uplift rates cannot be calculated from the present heights (HI, H2, H3) and ages (T1, T2, T3), but bounds can be placed on this rate. At the "high uplift" locality, the uplift rate is given by (HI -H3) model for reef growth, the three age ranges should represent times when sea level was close to a maximum value but was still rising (at the rate of tectonic uplift). The three age ranges (Fig. 3) have been superimposed on a graph (Fig. 4) We conclude that the use of mass spectrometric techniques for the measurement of 23tTh and 234U in corals permits a substantial increase in the range over which useful ages can be determined with the 238U-234U-230Th system with a range from about 50 years to about 500 ky. The precision with which ages can be determined, based on analytical errors, is about five to ten times higher than by ox-counting methods. The sample size requirement is about 30 times smaller. The precise determination Of 8234U and 232Th will also permit a clearer evaluation of possible open-system behavior. The analyses on young corals suggest that this approach may be prefera-ble to 14C analysis for these materials. The basic problems of diagenesis and element remobilization will remain the fundamental problems that require study. Our precise measurements on corals that grew during the last interglacial period lie specifically within the 128-ky Milankovitch peak and support the idea that major changes in Pleistocene climate can be caused by orbital forcing. The age of a coral that grew during an interstadial period also supports this view. However, the age of a coral that grew during another interstadial period suggests that some changes in Pleistocene climate may be the result of other mechanisms. The ability to analyze small samples is very important with regard to studies of marine terraces. Reefforming corals are largely limited to the tropics; however, solitary corals grow in marine environments worldwide, but only occur in small masses. Few terraces have yielded enough solitary coral for cxcounting analysis. When the techniques outlined here are used, the small sample size will also allow dating of well-preserved solitary corals. If foraminifera could be dated, the absolute chronology for the 180/160 record in deep sea sediments could be determined. The uranium concentration in foraminifera has been reported as 0.11 mnol/g (31). At secular equilibrium, 1 g of foraminifera contains 1.1 x 109 atoms of 230Th, which could be measured to an accuraey of ? 1 percent (2u) by means of mass spectrometric techniques. These techniques have also been used in our laboratory to measure the concentrations of 230Th (107 atoms per liter) and 232Th in 1 to 3 liters of seawater (11, 32).
